Abstract. To determine whether eastern equine encephalitis (EEE) virus infection in starlings may be more fulminant than in various native candidate reservoir birds, we compared their respective intensities and durations of viremia. Viremias are more intense and longer lasting in starlings than in robins and other birds. Starlings frequently die as their viremia begins to wane; other birds generally survive. Various Aedes as well as Culiseta melanura mosquitoes can acquire EEE viral infection from infected starlings under laboratory conditions. The reservoir competence of a bird is described as the product of infectiousness (proportion of feeding mosquitoes that become infected) and the duration of infectious viremia. Although starlings are not originally native where EEE is enzootic, a starling can infect about three times as many mosquitoes as can a robin.
Precise knowledge of the identity of the avian reservoir of eastern equine encephalitis (EEE) virus may facilitate efforts to protect the public health. Serologic evidence suggests that numerous species of birds are exposed to this virus, particularly those residing near swamps in which the Culiseta melanura vector mosquito breeds. [1] [2] [3] This virus has been isolated from a similarly broad array of hosts. Indeed, the virus replicates in virtually all wild birds that have been infected experimentally. [4] [5] [6] [7] [8] [9] [10] Diverse species of birds appear to contribute to the natural transmission cycle of EEE virus.
The intensity of transmission of EEE virus depends in part on the vertebrate reservoir competence (ability to sustain infection and present infectious agents to vectors) of local birds for this agent. Candidate reservoir birds would be those that roost abundantly in or near swamps during the late summer season of virus amplification. 11 Species that roost communally are especially strong candidate reservoirs because of their tendency to return nightly to stable roost sites. 12 In Massachusetts, these birds mainly include European starlings (Sturnus vulgaris), common grackles (Quiscalus quiscula), red-winged blackbirds (Agelaius phoeniceus), and American robins (Turdus migratorius). Starlings were introduced from Europe in 1890 into New York City 13 and rapidly expanded their range throughout North America. These gregarious birds became abundant in the northeastern United States in the 1920s, shortly before the first recognized epidemic of human EEE in 1938. 14 Reservoir competence of starlings has not previously been evaluated.
Because starlings are not native to North America, EEE virus infection may be more fulminant in these birds than in other birds, a condition that may modify reservoir competence. Accordingly, we compared the intensity and duration of viremia of EEE virus in starlings to those in such other likely candidate reservoirs as robins, grackles, and red-wing blackbirds. Infection of mosquitoes. Mosquitoes were infected by permitting them to feed within darkened enclosures on birds that had been anesthetized with ketamine hydrochloride (50 mg/ml) and xylazene (2 mg/ml) administered intramuscularly at a dose of 0.1 ml/100 g of body weight. Some Cs. melanura were infected by intrathoracic inoculation. 17 Plaque assay. Virus concentration in avian blood or triturated mosquitoes was measured by plaque assay by inoculating serial 10-fold dilutions of each sample onto Vero cell monolayers as described 18 except that infected cells were stained after two days instead of four.
MATERIALS AND METHODS

Source of virus.
Statistical analysis. Student's t-test was used to compare log-transformed sample means of viremias, expressed as plaque-forming units (pfu)/ml of blood. 19 
RESULTS
Infectibility of birds by mosquito-borne EEE virus. First, we determined whether EEE virus readily replicates in birds bitten by virus-infected Cs. melanura mosquitoes. Each of four starlings and five robins became infected. Culiseta melanura-transmitted EEE virus readily replicates in both starlings and robins.
Susceptibility of mosquitoes to bird-borne EEE virus. To estimate the EEE virus concentration required to infect Cs. melanura mosquitoes, we permitted such mosquitoes to feed on starlings at various time intervals following subcutaneous inoculation of virus. Plaque assay was used to measure the virus content of blood at the time of feeding. After 18 days of extrinsic incubation at 26ЊC, virus was detected in all mosquitoes that fed on starlings whose blood contained at least 10 6.2 pfu/ml ( Figure 1) . No virus was detected in those that fed on birds circulating 10 3.0 or fewer pfu/ml. Virus was detected in the legs of 49 of 55 infected mosquitoes (89%). Nine of those that harbored disseminated infection fed subsequently on birds and all (100%) transmitted infection.
Intensity and duration of viremia. To compare the intensity and duration of viremia in starlings and in robins, we permitted infected Cs. melanura to feed individually on birds that were then bled daily for five days. Viremia was most intense on the first day after infection (Figure 2 ) and more so in starlings (10 7.3 pfu/ml) than in robins (10 5.7 ) (P ϭ 0.01). Viremia in starlings remained sufficiently intense to infect mosquitoes for three days, compared to just one day for robins. Starlings sustain mosquito-induced viremias of greater intensity and of longer duration than do robins.
To compare the competence of eight other native bird species against starlings and robins, we determined intensities and durations of viremias after administering a standard subcutaneous inoculum of 250-1,000 pfu of EEE virus. Virus was detected in all but one, a robin, of 29 birds tested, rep- resenting 10 species (Figure 3) . Viremia was most intense on the first day after infection and more so (P Ͻ 0.001) in starlings (10 9 pfu/ml) than in other birds (variable, from 10 3 to 10 6 pfu/ml). A single mourning dove was the only exception to this rule, becoming viremic at an infectious level (10 4 pfu/ml) after four days. Although starlings sustained a viremia intense enough to infect mosquitoes for at least two days, viremias were sustained at this level in other birds for only one day. As with mosquito-induced infections, needleinduced viremias are more intense and longer lasting in starlings than in other birds tested.
Infectiousness of starlings for Aedes mosquitoes. We then determined whether various species of Aedes mosquitoes can acquire EEE virus infection after feeding on viremic starlings. Thus, we permitted Ae. triseriatus, Ae. aegypti, and Ae. albopictus to feed on starlings two days after they were inoculated with virus. Engorged mosquitoes were incubated for 10 days and then individually tested for virus by plaque assay. Specimens of all three species became infected (Table  1) . Starlings infected by EEE virus are infectious for Aedes mosquitoes.
Virus-induced mortality. Finally, we compared the survival of starlings and robins following EEE virus infection ( Table 2 ). Seven of eight starlings and two of 10 robins died 2-4 days after they were infected by needle-inoculation. No mortality was observed in the same number and species of birds that were mock infected and similarly bled daily from the jugular vein. Mortality correlated positively with peak viremia. This experiment was repeated with starlings and robins that were not bled during the course of observation. Only one of five infected starlings died. No noninfected birds and none of three infected robins died. In a third series of observations, infection was induced by the bites of infected mosquitoes. Blood was sampled from these birds daily. Two of four starlings and none of five such robins died during the following five days. Starlings die more frequently than do robins when infected with the strain of EEE virus used. , is the product of the duration of viremia exceeding 10 3.0 plaque-forming units/ml of blood and the proportion of Culiseta melanura mosquitoes that become infected after feeding on a host sustaining such a viremia.
DISCUSSION
European starlings and American robins seem particularly well-suited as reservoirs for EEE virus because their communal roosts contain so many birds and they frequently are located near the wetland breeding sites of Cs. melanura, the enzootic vector of this virus. Isolations of EEE virus from wild robins have been reported in Massachusetts, 2 New Jersey, 3 and Rhode Island (Gettman A, unpublished data). Similarly, serosurveys of wild birds generally suggest that robins are exposed frequently to EEE virus throughout the northeastern United States 2,3,20-22 Because of their suburban and urban daily habits, starlings are rarely included in serosurveys of sylvatic bird species. Seropositive starlings, nonetheless, have been discovered in eastern New York. 21 Our observation that EEE virus infection is exceptionally intense in starlings is consistent with reports that introduced birds tend to be more vulnerable to EEE disease than are native birds. 6 Starlings, therefore, merit special consideration as candidate vertebrate reservoir hosts for EEE virus.
Birds that are competent as reservoir hosts for EEE virus, of course, must be susceptible to infection. We found that each of 10 diverse avian species become viremic after being bitten by virus-infected mosquitoes or following subcutaneous injection of about 1,000 pfu. Because virtually all species of birds seem to be uniformly susceptible to infection by EEE virus, 23 our derivation of a quantitative measure of vertebrate reservoir competence ignores susceptibility as a parameter.
The intensity of the EEE viremia in a bird contributes crucially to its ability to infect vector mosquitoes. We find that Cs. melanura mosquitoes do not become infected unless they ingest more than three pfu of virus, an inoculum equivalent to that ingested from a bird circulating more than 10 3.0 pfu/ml of blood. Virtually all become infected after ingesting 4,500 pfu (equivalent to that in 10 6.2 pfu/ml of blood). These observations confirm, in general, those of Howard and Wallis. 24 Of the birds that we examined, starlings become most intensely viremic, developing as many as 10 8 pfu/ml after mosquito-induced infection and 10 10 pfu/ml after infection by needle. In contrast to the intense viremias that develop in these introduced birds, those in native adult birds generally never exceed 10 7 pfu/ml. Because peak intensity of viremia in diverse birds generally varies between 10 4 pfu/ml and 10 10 pfu/ml, attempts to express reservoir competence quantitatively must include a measure of viremia. The degree of infectiousness of a bird, therefore, is expressed as the proportion of Cs. melanura that become infected after feeding on a bird that is sufficiently viremic to infect mosquitoes. Starlings would infect more mosquitoes while they are infectious than would native birds.
Finally, the calculation of competence must include the duration of infectiousness because the number of mosquitoes acquiring infection from an infectious host accumulates over time. Although starlings sustain infectious viremias for about three days, the various native birds that we examined do so only for a single day. As in the case of viremia intensity, starlings sustain EEE viremia longer than do other birds.
The competence of diverse species of birds as reservoir hosts for EEE virus may be described as the product of the potential for infecting vector mosquitoes throughout the period of infectiousness of the virus and the length of that period. Vertebrate reservoir competence, c, is expressed as the product of infectiousness (i) and duration of infectivity (d): c ϭ (i)(d) where i represents the proportion of mosquitoes that become infected after feeding during the period of infectious viremia and d represents the number of days duration of infectious viremia. A c value of unity may represent a vertebrate host that sustains an infectious viremia for one day that is sufficiently intense (at least 10 6.2 pfu/ml) to infect all vectors that feed within that day, or a two-day infectious viremia capable of infecting only half of the vector mosquitoes that feed during the two days (mean viremia ϭ 10 5.3 ). Applying this treatment to our data for starlings and the other birds examined in this study, we find that starlings are at least twice as virus competent as any native species examined (Table 3) . Of these native species, the smallest birds (swamp and song sparrows) are most competent, followed by medium-sized birds such as the cardinal, grackle, robin, and red-winged blackbird. Interestingly, cowbird, pigeon, and mourning dove appear to be poorly competent as reservoirs. These last three species are all common and roost communally. If one assumes that all birds provide the same number of blood meals to mosquitoes, then the number of mosquitoes acquiring EEE virus infection from an infected native bird varies with species of bird by an order of magnitude, yet starlings infect at least twice as many vector mosquitoes as does any other candidate reservoir host that has been evaluated.
Although starlings are far more competent as hosts for EEE virus than are native birds, they more often die in the course of experimental infection. Because these birds tend to die toward the end of their period of infectivity, mortality would not detract from the number of mosquitoes that these birds infect. We confirm the observation of Davis that infected birds appear healthy until shortly before death. 4 These birds might then escape predation when they are most infectious to vector mosquitoes.
Because Cs. melanura only rarely feed on mammals in nature, [25] [26] [27] risk of human EEE virus infection depends on the presence of indiscriminately feeding bridge vectors 28 that include various Aedes mosquitoes. 29 At least three species of such mosquitoes become infected after feeding on viremic starlings. Of these, Ae. albopictus has been infected naturally in Florida. 30 The EEE virus is capable of passing from starlings to various Aedes mosquitoes, perhaps including mosquitoes that may serve as bridge vectors in nature.
We have provided for the first time a quantitative analysis of relative reservoir competence of avian hosts for EEE virus. The abundance of starlings and their tendency to roost communally near the breeding sites of the enzootic vectors of this virus suggest that they may serve effectively as hosts in which EEE virus may amplify naturally. In spite of their greater EEE virus-induced mortality compared to robins, starlings appear to be the most infectious avian hosts available to sylvan mosquitoes and are competent to infect almost three times as many mosquitoes as are robins.
